We report the first measurement of the τ lepton polarization in the decayB → D * τ −ν τ as well 7
τ have been studied by Belle [3] [4] [5] [6] , BaBar [7, 8] and LHCb [9] . The experiments typically measure the ratios of branching fractions,
where the denominator is the average for − ∈ {e − , µ − }. The ratio cancels uncertainties common to the numerator and the denominator. These include the Cabibbo-KobayashiMaskawa matrix element |V cb | and many of the theoretical uncertainties on hadronic form factors and experimental reconstruction effects. The current averages of the three experiments [5, 6, 8, 9] are R(D) = 0.397 ± 0.040 ± 0.028 and R(D * ) = 0.316 ± 0.016 ± 0.010, which are within 1.9σ and 3.3σ [10] of the SM predictions of R(D) = 0.299 ± 0.011 [11] or 0.300 ± 0.008 [12] and R(D * ) = 0.252 ± 0.003 [13] , respectively. Here, σ represents the standard deviation.
In addition to R(D ( * ) ), the polarization of the τ lepton and the D * meson is also sensitive to NP [14, 15] . The polarization of the τ lepton (P τ ) is defined by
where Γ ± denotes the decay rate ofB → D ( * ) τ −ν τ with a τ helicity of ±1/2. The SM predicts P τ = 0.325 ± 0.009 forB → Dτ −ν τ [14] and P τ = −0.497 ± 0.013 forB → D * τ −ν τ [15, 16] . The τ polarization is accessible in two-body hadronic τ decays with the following formulae [17] : 
where Γ, m τ and m V are, respectively, the decay rate ofB → D ( * ) τ −ν τ and the masses of the τ lepton and the vector meson from the τ decay. The helicity angle, θ hel , is the opening angle between the momentum vectors of the virtual W boson and of the τ -daughter meson in the rest frame of the τ . The parameter α describes the sensitivity to P τ for each τ -decay mode; in particular, α = 0.45 for the decay τ − → ρ − ν τ .
In this paper, we report a new measurement of R(D * ) in the hadronic τ decay modes τ − → π − ν τ and ρ − ν τ . This measurement is statistically independent of the previous Belle measurements [5, 6] , with a different background composition. We also report the first measurement of P τ for the decayB → D * τ −ν τ .
II. DETECTOR AND DATA SAMPLES
We use the full Υ(4S) data sample containing 772 × 10 6 BB pairs recorded with the Belle detector [18] at the asymmetric-beam-energy e + e − collider KEKB [19] . The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return located outside of the coil is instrumented to detect K 0 L mesons and to identify muons (KLM). The detector is described in detail elsewhere [18] . Two inner detector configurations were used. A 2.0 cm radius beampipe and a 3-layer silicon vertex detector was used for the first sample of 152 × 10 6 BB pairs, while a 1.5 cm radius beampipe, a 4-layer silicon detector and a small-cell inner drift chamber were used to record the remaining 620 × 10 6 BB pairs [20] .
The signal selection criteria and the signal and background probability density functions (PDFs) used in this measurement rely on the use of Monte Carlo (MC) simulation samples.
These samples are generated by the software packages EvtGen [21] and PYTHIA [22] ; finalstate radiation is generated by PHOTOS [23] . Detector responses are fully simulated with the Belle detector simulator based on GEANT3 [24] .
The signal decayB → D * τ −ν τ (signal mode) is generated with a decay model based on the heavy quark effective theory (HQET) [15] . We use the current world-average values for the form-factor parameters ρ 2 = 1.207 ± 0.015 ± 0.021, R 1 = 1.403 ± 0.033 and R 2 = 0.854 ± 0.020 [10] , which are based on the parameterization in Ref. [25] . Decays of the typē B → D * −ν (normalization mode), which are used for the denominator of R(D * ), are also modeled with HQET using the above form-factor values. Background from semileptonic decays to orbitally-excited charmed mesonsB → D * * −ν , where
0 , are generated with the ISGW model [26] with their kinematic distributions reweighted to match the dynamics predicted by the LLSW model [27] . Additionally, theoreticallypredicted radial excitation states D ( * ) (2S) are assumed to fill the gap between the inclusivelymeasured and the sum of the exclusively-measured branching fractions ofB → X c −ν [28] .
The MC sample ofB → D * * τ −ν τ is produced with the ISGW model. The branching fractions are assigned according to their theoretical estimates [29] . The remaining background MC samples are comprised of mostly hadronic B meson decays and light quark production processes (q = u, d, s, c). The sample sizes of the signal,B → D
τ , other BB, andprocesses are 40, 40, 400, 10 and 5 times larger, respectively, than the full Belle data sample.
III. SIGNAL RECONSTRUCTION
We first identify events where one of the two B mesons (B tag ) is reconstructed in one of 1149 exclusive hadronic B decays using a hierarchical multivariate algorithm [30] based on the NeuroBayes package [31] . More than 100 variables are used in this algorithm, including candidates using 15 D decay modes:
The D invariant mass requirements are optimized for each decay mode. For the D 0 modes in the D * 0 candidates, the invariant masses (m D ) are required to be within ±2.0σ (±1.5σ) of the nominal D 0 meson mass [33] for the high (low) signal-to-noise ratio (SNR) modes.
For D * + → D 0 π + candidates, the m D requirements are loosened to ±4.0σ and ±2.0σ for the high-and low-SNR modes, respectively. The requirements for the D + candidates are ±2.5σ for the high-SNR modes and ±1.5σ for the low-SNR modes around the nominal D + meson mass [33] . Here, the high-SNR modes are candidates. For the signal mode, square of the momentum transfer,
is required to be greater than 4 GeV 2 /c 2 , where E and p denote the energy and the threemomentum specified by the subscript. The subscripts "e + e − ", "tag" and "D * " stand for the colliding e + and e − , the B tag candidate and the D * candidate, respectively. Due to the
is always greater than the square of the τ mass, almost no signal events exist with q 2 below 4 GeV 2 /c 2 . Finally, we require that there be no remaining charged tracks nor π 0 candidates (except for soft π 0 ) in the event.
After the B sig reconstruction procedure is completed, the probability to have multiple candidates (the number of retained candidates) per event is about 9% (1.09) for the charged According to the MC study, about 80% of such signal events are actually τ
We therefore assign these events to the τ − → ρ − ν τ sample.
In order to measure P τ , the cos θ hel distribution must be reconstructed. This is challenging, as the τ momentum vector is not fully determined. Instead of cos θ hel , we measure the cosine of the angle θ τ d between the momenta of the τ lepton and its daughter meson in the rest frame of the virtual W boson,
as shown in Fig. 1 (a) . Here, E and p denote the energy and the three-momentum of a particle specified by the subscript, where τ and d represent the τ lepton and its daughter 
meson, respectively. This angle is equivalent to θ hel in this frame. The rest frame of the virtual W is obtained from its three-momentum
In this frame of reference, the magnitude of the τ momentum is determined only by q 2 since the τ lepton is emitted in the two-body decay of the static virtual W boson. Therefore | p τ | is calculated as
We only accept events, for which | cos θ τ d | < 1. Here, more than 97% of the reconstructed signal events are retained.
Due to limited kinematic constraints, one degree of freedom of the τ momentum direction is not determined. However, the cone around p d with an angle of θ τ d , on which p τ lies, is rotationally symmetric and therefore all directions on this cone are equivalent. With this in mind, as shown in Fig. 1 (b) , we take the new right-handed x y z coordinate such that the x -axis corresponds to the direction of the p d , and set
system is boosted to the pseudo τ rest frame with p τ = 0, where the correct value of cos θ hel is obtained.
As shown in Fig. 2 , there are manyB → D * −ν background events that peak around cos θ hel = 1, which corresponds to M 2 miss ∼ 0, in the τ − → π − ν τ sample. This peak arises from low-momentum muons that do not reach the KLM and are therefore misreconstructed as pions. To mitigate this background, we only use the region cos θ hel < 0.8 in the fit, in which 94% (81%) of signal events are contained with the SM P τ of −0.497 (maximum P τ of +1).
IV. BACKGROUND SEPARATION AND CALIBRATION
In order to separate signal and normalization events from background, we use the variable E ECL , the summed energy of ECL clusters not used in the reconstruction of the B sig and B tag candidates. This is a useful variable for the signal extraction since the E ECL shape is less affected by changes in kinematics due to NP. The variable M 2 miss is additionally used for normalization events, and is defined as
where E and p are the energy and the three-momentum, respectively, of the charged lepton; the other variables in this formula are defined in Eq. 5. Due to its narrow concentration near measured: we fix their yields based on the world-average branching fractions [33] .
In addition to the yield determination, the PDF shape of these background must be taken into account, as a change in the B decay composition may modify the E ECL shape and thereby introduce biases in the measurement of R(D * ) and P τ . If a background B decay contains a K 0 L in the final state, it may peak in the E ECL signal region. We correct the branching fractions of theB
L modes in the MC using the measured values [33, 34] . We do not apply branching fraction corrections for the other decays with K 0 L since they are relatively minor. However, we change the relative yield from 0% to 200% to estimate systematic uncertainties, as discussed in Sec. VI.
Other types of hadronic B decay background often contain neutral particles such as π 0 or η or pairs of charged particles. We calibrate the amount of hadronic B decays in the MC based on control data samples by reconstructing seven final states with the signal-side
Candidate η mesons are reconstructed using pairs of photons with an invariant mass ranging from 500 to 600 MeV/c 2 . We then take the yield ratios between the data and the MC for q 2 > 4 GeV 2 /c 2 and | cos θ hel | < 1, which is the same requirement as in the signal sample, with the signal-side energy difference ∆E sig or the beam-energy-constrained mass M sig bc of the B sig candidate. These ratios are used as yield calibration factors. If there is no observed event in the calibration sample, we assign a 68% confidence level upper limit on the yield. The obtained factors are summarized Table I . Additionally, we correct the branching fractions of the decays
Refs. [33, 35] .
About 80% of the hadronic B background is covered by the calibrations discussed above.
We discuss the systematic uncertainties on our observables due to the uncertainties of the calibration factors in Sec. VI.
V. MAXIMUM LIKELIHOOD FIT
We perform an extended binned maximum likelihood fit to the E ECL and the M 2 miss distributions for the signal-and the normalization-candidate samples, respectively. In order to extract P τ , we divide the signal sample into two cos θ hel regions: cos θ hel > 0 (forward) and cos θ hel < 0 (backward). According to Eq. 3, the asymmetry of the number of signal events between the forward and the backward regions is proportional to P τ .
In the fit, we divide theB → D * τ −ν τ component into three groups.
Signal:
Correctly-reconstructed signal events, which originate from τ − → π − (ρ − )ν τ events reconstructed correctly as the τ − → π − (ρ − )ν τ sample, are categorized in this component, and are used for the determination of R(D * ) and P τ .
ρ ↔ π cross feed:
Cross-feed events where the decay τ − → ρ − ν τ is reconstructed in the τ − → π − ν τ mode due to the misreconstruction of one π 0 , or events where the decay τ
is reconstructed in the τ − → ρ − ν τ mode by adding a random π 0 , comprise this component. As these events originate fromB → D * τ −ν τ , they can be used in the R(D *  ) determination. They also have some sensitivity to P τ ; however, cos θ hel is distorted.
The measured P τ from the distorted cos θ hel distribution is mapped to the correct value of P τ using MC information.
Other τ cross feed:
Events from other τ decays also can contribute to the signal sample. They originate mainly from τ − → π − π 0 π 0 ν τ with two missing π 0 mesons and τ − → µ −ν µ ν τ with a lowmomentum muon. The fraction of these two cross-feed components are, respectively, 11% and 73% in the τ − → π − ν τ mode and 69% and 14% in the τ
These modes are less sensitive to P τ since the heavy a 1 mass makes the α in Eq. (4) almost equal to 0, while events with two neutrinos in the τ − → µ −ν µ ν τ mode wash out the P τ information.
The relative contribution from the threeB → D * τ −ν τ components are fixed using the MC simulation sample, which contains 40 times more events than the full Belle data sample.
where B τ denotes the branching fraction of τ − → π − ν τ or τ − → ρ − ν τ , and sig and norm are the efficiencies for the signal and the normalization mode, respectively. The observed yields are expressed by N sig,F(B) and N norm for the signal in the forward (backward) region and the normalization, respectively. The polarization is represented by
Due to detector effects, the extracted value deviates from the true P τ . This detector bias is taken into account with a linear function that relates the true P τ to the extracted P τ . The linear function, which is called the P τ correction function in this paper, is determined using several MC sets of type-II 2HDM [36] . In this model, P τ varies between −0.6 and +1.0 as a function of the theoretical parameter tan β/m H + , where tan β denotes the ratio of the vacuum expectation values of the two Higgs doublets coupling to up-type and down-type quarks and m H + is the mass of the charged Higgs boson. We then extrapolate the obtained P τ correction function to P τ = −1.
For the background, we have four components.
The decayB → D * −ν contaminates the signal sample due to the misassignment of the lepton as a pion. We fix theB → D * −ν yield in the signal sample from the fit to the M 2 miss distribution in the normalization sample.
B → D * * −ν and hadronic B decays:
As discussed in the previous section, we float the sum of the yields ofB → D * * −ν and hadronic B decays except for the well-determined two-body D final states in the fit. The yield parameters are independent for each sample:
(f orward, backward).
Continuum:
Continuum events from e + e − →process provide a minor contribution. As the size of the contribution is only O(0.1%), we fix the yield using the MC expectation.
All events containing fake D * candidates are categorized in this component. The yield is fixed from a comparison of the data and the MC in the ∆m sideband regions.
VI. SYSTEMATIC UNCERTAINTIES
We estimate systematic uncertainties by varying each possible uncertainty source such as the PDF shape and the signal reconstruction efficiency with the assumption of a Gaussian error, unless otherwise stated. In several trials, we change each parameter at random, repeat the fit, and then take the mean shifts of R(D * ) and P τ from all such trials as the corresponding systematic uncertainty that is enumerated in Table II . errors. The group "common sources" identifies the common systematic uncertainty sources in the signal and the normalization modes, which cancel to a good extent in the ratio of these samples.
The reason for the incomplete cancellation is described in the text. 
Common sources The most significant systematic uncertainty, arising from the hadronic B decay composition, is estimated as follows. Uncertainties of each B decay fraction in the hadronic B decay background are taken from the experimentally-measured branching fractions or estimated from the uncertainties in the calibration factors discussed in Sec. IV. For components with no experimentally-measured branching fractions and not covered by the control samples, we vary their contribution continuously from 0% to 200% of the MC expectation and take the maximum shifts of R(D * ) and P τ as the systematic uncertainties.
The limited MC sample size used in the construction of the PDFs is also a major systematic uncertainty source. We estimate this by regenerating the PDFs for each component and each sample using a toy MC approach based on the original PDF shapes. The same number of events are generated to account for the statistical fluctuation. τ . We take the theoretical uncertainty on the τ polarization of theB → Dτ −ν τ mode into account, which is found to be 0.002 for P τ and negligibly small. In addition, we estimate a systematic uncertainty due to the small M The fake D * yield, fixed using the ∆m sideband, has an uncertainty that arises from the statistical uncertainties of the yield scale factors.
The uncertainty of the decaysB → D * * −ν are twofold: the indeterminate composition of each D * * state and the uncertainty in the form-factor parameters used for the MC sample production. The composition uncertainty is estimated based on uncertainties of the branch- τ ), we conclude that our assumption is sufficiently conservative.
The uncertainties due to the HQET form-factor parameters in the normalization modē B → D * −ν are estimated using the uncertainties in the world-average values [10] . In addition, the uncertainty arising from the small M 2 miss shape correction for the normalization sample is estimated as an uncertainty related toB → D * −ν : 0.4% (0.008) for R(D * ) (P τ ).
The uncertainties on the reconstruction efficiencies of the τ -daughter particles in the signal sample and the charged leptons in the normalization sample are also considered. Here, the uncertainties on the particle identification efficiencies for π ± and ± and the reconstruction efficiency for π 0 are measured with control samples: the the P τ correction function.
In addition, common uncertainty sources between the signal sample and the normalization sample are also estimated in this analysis, although they largely cancel at first order in the branching fraction ratio. This is due to the fact that the background yields are partially 0 , K ± and π ± , and is therefore correlated with the efficiency uncertainty of the τ -daughter particles containing π ± and π 0 . This correlation is taken into account in the total systematic uncertainties shown in Table II. VII. RESULT Figure 3 shows the fits to the signal and the normalization samples. (The figures in the forward and backward regions are shown in the Appendix .) The cos θ hel distribution is shown in Fig. 4 . The observed signal and normalization yields are summarized in Table III .
The p-values are found to be 15% for the normalization fit and 29% for the signal fit. From the fit, we obtain R(D * ) = 0.276 ± 0.034(stat.)
The signal significance is 9.7σ (statistical error only) or 7.1σ (including the systematic uncertainty). The significance is taken from 2 ln(L max /L 0 ), where L max and L 0 are the likelihood with the nominal fit and the null hypothesis, respectively. Figure 5 shows a comparison of our result with the theoretical prediction based on the SM [13, 15] in the R(D * ) − P τ plane. The consistency of our result with the SM is 0.6σ.
VIII. CONCLUSION
We report the measurement of R(D * ) with hadronic τ decay modes τ − → π − ν τ and 
which is consistent with the SM prediction within 0.6σ.
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